The inherited genetic defect in adenomatous polyposis has been localized to a small region on the long arm of chromosome 5. Sixteen DNA marker loci were used to construct a linkage map ofthe chromosome. When five kindreds segregating a gene for adenomatous polyposis coli were characterized with a number of the markers, significant linkage was found between one marker and the disease gene. Linkage analysis determined the location ofthe defective gene within a primary genetic map of chromosome 5.
I NHERITED CANCER SYNDROMES OFFER
an opportunity to identify genetic mechanisms of carcinogenesis. The chromosomal locations of the germline mutations involved can be identified by genetic linkage studies in families segregating rare cancer syndromes.
Colon cancer is one of the most common cancers in the North American population; the lifetime risk of occurrence approaches 5%. The natural history of this tumor includes a relatively well defined intermediate stage, the adenomatous polyp, that defines a discrete step in the pathway of carcinogenesis. Carcinomas are believed to arise within the adenomatous polyp. Several distinct, inherited predispositions to colon cancer have been identified, providing an opportunity to map, and then clone, these genes. One of the most widely recognized predispositions imposes a striking phenotype of multiple, adenomatous, colonic polyps. This condition is observed in two syndromes, familial polyposis coli (FPC) and Gardner syndrome (GS) (1) . While GS and FPC are similar with respect to colonic polyposis and colorectal cancer, individuals with GS are distinguished by a number of benign extraintestinal growths. These include multiple osteomas, particularly of the mandible and skull, epidermoid cysts, desmoid tumors (2), and congenital hypertrophy of the retinal pigment epithelium (3) . However, the M. Leppert (5) . Because progression from the adenomatous polyp to carcinoma appears similar in both inherited and sporadic colon cancer, the occurrence ofnumerous adenomatous polyps in young patients with FPC may account for their increased risk of carcinoma (6, 7) .
After the discovery by Herrera et al. (8) of a constitutional interstitial deletion on chromosome 5q of the region q13-15 or q15-22 in a mentally retarded patient who exhibited FPC as well as a large desmoid tumor, we focused our attention on DNA probes from the long arm of chromosome 5. We now have evidence supporting the localization of the FPC-GS locus to the long arm of chromosome 5, probably in the region of 5q22.
Families for our study were ascertained at the University of Utah Medical Center from probands seeking medical care for polyposis. Medical status was determined from records documenting colonoscopic and surgical pathology; individuals lacking medical records were classified as unknown. Affected individuals had developed hundreds of colonic polyps during their second or third decade, and untreated family members from earlier generations often had died of documented colon cancer in their forties. Affected individuals had lesions typical of GS in pedi- Table 1 . Lod scores for linkage of three chromosome 5 markers to FPC-GS. A two-allele system was detected for pCllpll by the enzyme Taq I, giving allelic frequencies of 0.17 and 0.83 for the 4.2-and 2.7-kb fragments, respectively, in our collection of 59 normal linkage families. pTP5E also defines a two-allele system with Taq I, with frequencies of 0.77 and 0.23 for the 11.0-and 5.2-kb alleles. pJO205E-C defines a three-allele system (Msp I) with frequencies of 0.43, 0.35, and 0.22 for the 7.0-, 3.9-, and 3.7-kb fragments. An autosomal dominant mode of inheritance with incomplete penetrance was assumed. Although a frequency of 0.0001 was assumed for the disease-predisposing allele, our results remained constant over a large range ofallele frequencies. Penetrance was assigned at 0.5 for ages 0 to 20, 0.75 for ages 21 to 40, and 1.0 for ages 41 and over. These values were estimated from the observed distribution of age at diagnosis among affected members of our pedigrees. No provision was made to allow for sporadic cases. Several of the markers were tested for linkage in the FPC-GS pedigrees. Three showed evidence of linkage to the disease gene; pairwise lod scores between each of the three markers and FPC-GS are reported in Table 1 . The maximum lod score of 3.37 at a recombination fraction of 0, observed with the marker pClIp11, provided significant support for genetic linkage. The two other markers, pJO205E-C and pTP5E, yielded positive but nonsignificant lod scores when tested independently.
Evidence for the location of the FPC-GS gene on the genetic map of the long arm of chromosome 5 was provided by the LINK-MAP routine (11) , which calculated the likelihood of the position of the FPC-GS locus at each of a number of locations along the established genetic map of chromosome 5. The most likely location for the disease gene was very close to Cllpll; the I-lod unit limit of support ranged from 9 cM proximal to 36 cM distal to the Cllpll locus on the female map (Fig. 1, top) Other genes affecting carcinogenesis may be uncovered by the approach described here. (19, 20) in a panel of 59 normal reference families (21, 22) . The most likely gene order was determined with the GENE MAPPING system (9) , under the assumption of a constant ratio of male:female map distance along the entire chromosome. The physical localizations of selected probes (12) , carried out on cell lines described (23, 24) Resolution of whether the GS and FPC syndromes are due to lesions in the same gene should now be possible with linked genetic markers. Although our studies have not yet permitted a rigorous conclusion, very little of our information was derived from the two families segregating Gardner's syndrome, K109 and K1498. Moreover, clinical studies in extended pedigrees (5), have suggested that FPC is a single genetic disease with a wide spectrum of phenotypic expression. An accurate gene marker for FPC-GS would be a usefiul diagnostic tool for directing clinical screening efforts, such as colonoscopy, to the individuals who are at risk.
Note added in proof Since submission of this paper, a similar finding has been reported by Bodmer et al. (18) .
Bacteriophage M13 Procoat Protein Inserts into the Plasma Membrane as a Loop Structure ANDREAS KUHN
The major coat protein of bacteriophage M13 is synthesized as a precursor, the procoat, with a typical leader (signal) sequence of 23 residues at its NH2-terminus. A fusion protein that contains the NH2-terminal 141 residues of cytoplasmic ribulokinase and all but the first ten residues of M13 procoat was made. The fusion protein inserts into the plasma membrane of Escherichia coli and is processed by leader peptidase to give rise to a leader peptide of 155 residues and the mature coat protein of 50 residues. The NH2-terminus of the leader peptide remains in the cytoplasm and is protected from protease added to the medium outside of the cell. This indicates that M13 procoat inserts into the membrane as a loop structure and that the NH2-terminus of a leader peptide remains within the cytoplasm during membrane insertion.
I NSERTION OF PROTEINS INTO THE
membrane is mediated either by a cleavable leader (signal) sequence or by an uncleaved signal or insertion sequence (1) . Cleavable leader sequences of bacterial proteins and proteins inserted across the endoplasmic reticulum are located at the NH2-termini of pre-proteins, are structurally similar, and share a similar length (13 to 26 residues). Each one consists of a polar, basic region at the NH2-terminus followed by a stretch ofhydrophobic residues and a region coding for the recognition site for the processing enzyme called leader peptidase (2) .
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Since the enzymatically active site of the leader peptidase is located on the outer surface of the inner membrane (3), only those precursor proteins that are translocated across the membrane are processed to their mature form (4, 5) . Mutations that alter the hydrophobicity of the leader region inhibit membrane insertion and consequently inhibit processing (5, 6) . Although the involvement of leader sequences in initiating membrane insertion is now well established, the molecular mechanism of this process is unknown.
The insertion of the coat protein of bacteriophage Ml 3 into the inner membrane of Escherichia coli has been extensively studied as a model system (7, 8) . The coat protein is synthesized in the cytoplasm as a precursor protein, the procoat, with a typical 23-residue cleavable leader sequence at its NH2-terminus. Mutations that alter the hydrophobic region of the procoat leader strongly inhibit its membrane insertion (5). In addition, it has recently been shown that the procoat leader can substitute for the leader sequence of the outer membrane protein A (OmpA) without affecting its membrane insertion (9) . We have proposed that the hydrophobic regions in the leader and in the mature (membrane anchor) regions of M13 procoat directly partition into the hydrophobic core of the membrane bilayer (4, 5 21, 955) that encompasses the first 141 amino acids of ribulokinase (araB), 63 amino acids of procoat, and a glycyl residue at the fusion point (Fig. 1B) . In this construction, the first 10 amino acids ofthe procoat leader were deleted.
Expression of this plasmid-encoded fusion protein was induced by addition of Larabinose into the growth medium, and the cells were pulse labeled with [35S]methionine. The fusion protein was immunoprecipitated by antibodies to ribulokinase (Fig. 2, lane 1) and was of higher molecular weight than the nonfused ribulokinase fragment of 162 amino acids (Fig. 2, lane 4) . In addition, a small amount of pulse-labeled ribulokinase was seen at a lower molecular weight; its electrophoretic mobility suggests that it is the result ofcleavage ofthe fusion protein.
When the same sample was immunoprecipitated with antibody to M13 coat protein (Fig. 2, lane 3) , both the full-length fusion protein and a protein which comigrated with M13 coat protein (see markers in Fig.  2 , lane 2) were observed. As expected, the ribulokinase fragment itself was not immu-
